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Abstract: Eccentric strength training can reduce the risk of hamstring strain injury 
(HSI) occurrence; however, its implementation can be impacted by athlete 
compliance and prescription. The aim of this review was to investigate the effects 
of intervention compliance, consistency and modality, on the prevention of HSIs 
among athletes. A literature search was conducted. 868 studies were identified 
prior to the application of the exclusion criteria which resulted in 13 studies 
identified. Random effects models were used to produce log odds ratios and 95% 
confidence intervals. Very high (>75.1%), moderate-high (50.1-75%), low-
moderate (25.1-50%) and very low (<25%) and <1-, 1.01–3.00-, >3.01-
weeks/session were used as thresholds of compliance and consistency, 
respectively. Modality was also observed. A positive effect on HSI incidence -0.61 
(-1.05 to -0.17), favoring the intervention treatments (Z=-2.70, p=0.007). There 
were non-significant, large differences between compliance (p=0.203, Z=-1.272) 
and consistency (p=0.137, Z=-1.488), with increased compliance and consistency 
showing greater effectiveness. A significant, very large difference between 
intervention modalities was observed (p<0.001, Z=-4.136), with eccentric 
interventions being superiorly effective. Compliance of >50.1% and consistent 
application with <3 weeks/session having positive effects on HSI incidence. 
Training interventions that can achieve high levels of compliance, and can be 
consistently performed, should be the objective of future practice. 
Keywords: hamstring strain injury; risk reduction; compliance; consistency; 
modality; nordic hamstring exercise 
 
1. Introduction 
The alarming incidence and cost (both financial, up to 
€500,000/month in elite soccer and time-loss, 15-20 days missed) of 
sustaining a hamstring strain injury (HSI) demonstrate the need to 
intervene [1-3], with appropriately designed training interventions that 
have the ability to reduce the occurrence of HSIs. Researchers have 
previously identified that the implementation of strength training, 
including eccentric 
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exercise has the ability to reduce the risk of future HSI occurrence [4-7]. However, Bourne 1 
et al. [8] highlighted that the resultant risk reducing benefits only occur when an adequate 2 
intervention compliance is achieved, although the effect of compliance levels on desired 3 
outcomes is yet to be quantified. A key issue within elite sport is that evidence based HSI 4 
prevention exercise, namely the Nordic hamstring exercise (NHE), is not being adopted 5 
by many elite soccer and cricket teams [1,9,10]. The primary complaint by players and 6 
coaches of both soccer and cricket is delayed onset muscle soreness (DOMS), as a result of 7 
the eccentric nature of the NHE [1,9-12]. There are, however, methods to offset DOMS via 8 
a progressive introduction of the NHE, which could be achieved by using low volumes 9 
and lower intensities at any given knee angle by performing incline NHE variations 10 
[13,14], as the magnitude of the repeated bout effect appears to be similar between high 11 
and low volumes of eccentric exercise [15]. Hence, a training intervention that facilitates 12 
a wider scale adoption, with improved compliance rates, while concurrently reducing the 13 
incidence of HSIs requires exploration.   14 
A recent review recalibrated the previously identified risk factors associated with 15 
HSI incidence, providing a similar conclusion by identifying that measures of strength 16 
and muscle architecture are key modifiable risk factors for HSI incidence [16]. The two 17 
most common practices to reduce HSI that have been incorporated into sport involve the 18 
implementation of an eccentric hamstring strengthening exercise on its own [6], or as part 19 
of specific warm up protocols, such as the FIFA 11 and FIFA 11+ for soccer [17,18]. These 20 
approaches have become common partly due to the positive adaptations that are known 21 
to occur from the implementation of the NHE [19-26] and the relative ease of its 22 
implementation, due to it requiring very limited time and equipment. The evidence 23 
highlights that there is a need for high compliance rates, where an intervention can 24 
maintain participant involvement throughout a training period, as there is a rapid 25 
detraining effect from cessation of the NHE, with decreases in hamstring muscle 26 
architecture and strength reported within as little as two weeks of cessation [25-28]. 27 
Therefore, regular or consistent performance of the NHE, or similar exercises, with high 28 
compliance is essential to maintain positive adaptations. 29 
The utilisation of the NHE within training or the FIFA 11 and FIFA 11+ has been 30 
extensively examined in meta-analyses [18,29-31]. In fact, systematic reviews continue to 31 
be published despite consistent findings, with very limited change in the studies observed 32 
between them [18,29-31]. The consistent findings of these meta-analyses demonstrate that 33 
eccentric resistance training and the FIFA 11+ have the potential to decrease the 34 
occurrence of HSI in athletic populations [18,29,31] by up to a 50% [30]. The notion that 35 
HSIs can be reduced by up to 50% has recently been questioned in the literature, 36 
Impellizzeri, McCall and van Smeden [32] identified several methodological inaccuracies 37 
preventing replication of this result, suggesting that the NHE can only be conditionally 38 
recommended [32]. Despite the inconclusive findings, interventions remain effective at 39 
reducing the occurrence of HSI in athletic populations [18,29,31]. However, the adoption 40 
and implementation of such interventions is continually reported to be ‘adequate’ at best 41 
[8], with compliance being considered a key component for an effective eccentric 42 
resistance training intervention aimed at reducing HSI incidence [29]. Similarly, for the 43 
FIFA 11+, <15% of teams completed the recommended volume; as such this compromises 44 
the risk-reducing effectiveness of the FIFA 11+, in addition to the resultant risk ratios 45 
reported within the meta-analysis [18]. Goode et al. [29] further identified that with 46 
increased compliance there was a 65% decrease in the risk of HSI occurrence, however, no 47 
systematic review to date has quantified what an adequate level of compliance is for an 48 
intervention to be deemed effective. Grouping of studies in accordance with compliance 49 
to any injury risk reducing intervention protocol has been used previously, van Reijen et 50 
al. [33] differentiated studies by <24.7%, 24.8-48.1% and >48.2%. However, given the huge 51 
importance of reducing HSI in athletic populations [2,3], a higher compliance should be 52 
aimed for in HSI prevention interventions as even the ‘high level’ of 48% compliance 53 
could lead to a prolonged period without an intervention stimulus, potentially reducing 54 
muscle architectural and eccentric strength adaptations [25-28]. Therefore, novel 55 
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compliance thresholds require identification for practitioners, which could be used as a 56 
guide to the implementation of appropriate and effective training practices that could 57 
reduce the risk of HSI incidence.  58 
To date, quantifying the effect of intervention compliance on HSI risk has never been 59 
performed, despite commentary that achieving a high level of intervention compliance is 60 
crucial in reducing injury risk [8]. Therefore, the purpose of this systematic review and 61 
meta-analysis, is to identify the randomised control trials (RCT) that have examined the 62 
effects of HSI prevention programmes’ (that hypothesised to increase bicep femoris 63 
fascicle length and/or the strength of the hamstrings or associated structures) compliance, 64 
consistency and modality, on the prevention of HSIs among athletes. 65 
2. Materials and Methods 66 
The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 67 
guidelines were used in the development of the present systematic review and meta- 68 
analysis. The 27-item checklist identified within the PRISMA statement is designed to be 69 
used as a basis for reporting randomised trials [34]. A review protocol was not registered 70 
for this review.  71 
2.1. Search Strategy 72 
A systematic, computerised search of the literature in PubMed, SPORTDiscus, 73 
MEDLINE, Scopus and Web of science was conducted, with controlled vocabulary and 74 
key words related to hamstring injury prevention programmes and hamstring injury. Our 75 
search timeframe was from inception to January 2021. Key words (Table 1) were chosen 76 
in accordance with the aims of the research. Search terms were combined by Boolean logic 77 
(AND [between categories], OR [within categories]). Reference lists were also hand 78 
searched for any possible relevant studies.  79 
 80 
Table 1. Summary of keyword grouping employed during database searches. 
Injury Prevention Training Study 
Hamstring strain 
injury 
Injury prevention Resistance training Randomised control trial 
(RCT) 
Hamstring injury Hamstring injury prevention Strength training Sport 
Posterior thigh injury Primary prevention Eccentric Team sport  
Lower extremity 
strain 
Injury prevention programmes Eccentric training Soccer  
Lower limb injury Injury risk reduction Nordic hamstring 
exercise 
 
 Compliance Nordics  
  Warm up  
  FIFA 11  
  FIFA 11+  
  Plyometrics  
  Sprinting  
 81 
2.2. Selection criteria 82 
Articles examining injury prevention programmes for the hamstrings were eligible 83 
for full-text review. An article was eligible for inclusion if it met all of the following 84 
inclusion criteria: (A) the article was a RCT, (B) included healthy athletes who participated 85 
within organised sports of either sex (C) included an intervention in comparison with a 86 
control or alternative intervention for the prevention of HSI, (D) interventions that aimed 87 
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to increase strength of the hamstrings or associated structures. An article was excluded if 88 
it: (A) included athletes with existing, or under treatment for, lower-limb musculoskeletal 89 
injuries including HSIs, (B) focused on children <10 years as HSIs have been found to 90 
occur in youth team sport athletes at 9 years old and older [35], (C) includes non-athletic 91 
or participants who do not regularly participate in sports or (D) the article was not in 92 
English. All criteria were independently applied by the lead author (NJR) to the full text 93 
of the articles that passed the eligibility screening of titles and abstracts.  94 
 95 
2.3. Quality assessment 96 
The methodological quality of individual studies was assessed using the Physiotherapy 97 
Evidence Database (PEDro) scale (http://www.pedro.fhs.usyd.edu.au). Results from 98 
individual study analysis of quality were used to identify common areas of 99 
methodological weaknesses across studies. The grading of studies was performed by 100 
NJR and SR independently, any disagreements in scoring were discussed and 101 
concluded.  102 
PEDro uses 11 criteria, and reviewed studies were awarded one point for each criterion 103 
that was clearly satisfied, for a potential maximum value of 10 points. Criteria included; 104 
(1) eligibility criteria reported; (2) random assignment; (3) concealed allocation; (4) 105 
groups similar at baseline regarding most important prognostic indicator; (5) blinding of 106 
participants; (6) blinding of therapists who administered the therapy; (7) blinding of 107 
assessors who measured key outcome; (8) measures of at least one key outcome were 108 
obtained from more than 85% of initial participants; (9) all participants received 109 
treatment or control condition as allocated; (10) results of between-group arithmetical 110 
comparisons are reported and (11) study provides point measures and measures of 111 
variability for at least one key outcome. 112 
2.4. Statistical analyses 113 
Data, including counts and description of methods, were extracted manually from 114 
included studies. DerSimonian and Laird [36] random effects models were used for all 115 
analyses (meta-analyses and sub-group) to produce summary log odds ratios (LOR) and 116 
95% confidence intervals (CIs). The weighted means difference percentage (WMD%) was 117 
calculated to represent the aggregated differences of each individual study weighted by 118 
their sample size, WMD% and the size of each plot are proportional to their sample size. 119 
Overall effects were identified and the test for overall effect identified via the Z statistic, 120 
the Z statistics were interpreted as trivial (<0.19), small (0.20-0.59), moderate (0.60-1.19), 121 
large (1.20-1.99), and very large (≥2.0) (Hopkins, 2002a). We used this model to be 122 
consistent with previously reported reviews on the same outcome [29,37]. 123 
 124 
Group analyses included LORs, 95% CI’s and heterogeneity between groupings. To 125 
observe the effect of compliance upon HSI risk, selected articles were grouped via the 126 
novel thresholds of compliance: very high (>75.1%), moderate-high (50.1-75%), low- 127 
moderate (25.1-50%) and very low (<25%). A measure of intervention consistency was also 128 
identified, whereby the injury observation period was divided by the number of 129 
compliant sessions, i.e., number of prescribed sessions with respect to reported 130 
compliance, to attain an average number of weeks per session (<1 week/session, 1.01 – 3.00 131 
weeks/session, >3.01 weeks/session). The effect of intervention modality was also 132 
observed within the group analyses. 133 
 134 
Heterogeneity test statistics and their p values were used to assess consistency of 135 
reported LORs across studies and between interventions. I-squared statistic (I2) were used 136 
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to describe the percentage of total variation across studies due to heterogeneity rather 137 
than chance alone with values >50% to indicate substantial heterogeneity. Significant 138 
heterogeneity was indicated with a p < 0.10. A higher p value was chosen to test for 139 
heterogeneity since these tests have low power particularly where there are few studies 140 
analysed. The τ2 is reported to describe the pooled among-study variance of true effects, 141 
thereby reflecting the magnitude of heterogeneity.  142 
 143 
Publication bias was evaluated by funnel plots and Egger’s test using the Rosenthal 144 
method [38]. A fail-safe number of effects was calculated to determine how many un- 145 
retrieved null effects would be needed to diminish the significance of the observed effects 146 
to p < 0.05. All analyses were conducted by one of the authors using Jamovi (Jamovi 147 
project (2018) Computer Software, Retrieved from https://www.jamovi.org). 148 
3. Results 149 
3.1. Search Results 150 
Eight hundred and sixty-eight titles were identified through database and reference 151 
searches. Thirty-four full text articles were assessed for eligibility for inclusion, resulting 152 
in twenty-one studies being excluded based on study design and patient type, and a single 153 
study that was redacted by the journal. The process of study selection and the number of 154 







































































Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow 223 
diagram for study inclusion. Inclusion criteria A. Included athletes with existing, or under treatment 224 
for, lower-limb musculoskeletal injuries. B. Focused on children <10 years old. C. Includes non- 225 
athletic or participants who do not regularly participate in sports. D. Article was not in English. 226 
 227 
3.2. Characteristics of the included studies  228 
 229 
The number of athletes in the studies ranged from 30 [4] to 1892 [39]. A description 230 
of the included studies’ athlete populations, interventions, outcome measures, 231 
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x 5, 1/week – 3 x 
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from Mjølsnes et 
al. (2004) 
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FIFA 11+ three 
times per week. 




675 850 16 55 47.0% 




van de Hoef 








74 52.5 0.7 
1 season (9 
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229 171 31 26 71.0% 












intervention, 1 x 
5 performed 
once per week 
for 42 weeks. 
42 33.6 0.7 1 season 22 21 3 6 80.0% 











FIFA 11 warm 
up twice per 
week. 
74 54.0 0.7 
1 season (9 
months) 




















48 39.8 0.6 6 months 144 136 2 9 83.0% 











training (5 x 2, 
1/week – 8-10 x 
3, 2/week) 
53 46.6 0.6 27 weeks 156 103 4 3 88.0% 










FIFA 11+ warm 
up, 2/week. 
148 87.9 0.4 1 season 1055 837 5 8 59.4% 




NHE = Nordic hamstring exercise. NCAA = National collegiate athletic association 
237 
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3.3. Quality of studies 238 
The scores of the 11 criteria and total scores for each study are presented in 239 
table 3.  240 
 241 
Table 3 The Physiotherapy Evidence Database (PEDro) quality assessment of individual studies 
Reference 1* 2 3 4 5 6 7 8 9 10 11 Total Score 
Askling, Karlsson and Thorstensson [4] - 1 - 1 - - 1 1 1 1 1 7 
Engebretsen et al. [41] 1 1 - 1 - - - 1 1 1 1 6 
Petersen et al. [6] 1 1 1 1 - - - 1 1 1 1 7 
Van der Horst et al. [43] 1 1 1 1 - - - 1 1 1 1 7 
Gabbe et al. [40] 1 1 - 1 - - - - - 1 1 4 
Sebelien et al. [44] 1 1 1 - - - - 1 1 1 1 6 
del ama-espinosa et al. [46] 1 - 1 - - - 1 1 - 1 1 6 
Saleh et al. [48] 1 1 1 - 1 - - 1 1 - 1 6 
Silvers-Granelli et al. [17] 1 1 1 - - - 1 1 - 1 1 6 
Van Beijsterveldt et al. [47] - 1 1 1 - - - 1 - - 1 5 
Soligard et al. [39] 1 1 1 - - - 1 - - 1 1 5 
van de Hoef et al. [45] 1 1 - 1 - - - - 1 1 1 5 
Hasebe et al. [49] 1 1 1 1 - - - 1 1 1 1 7 
1.     Eligibility criteria were specified. * Does not contribute to total score. 
2.     Subjects were randomly allocated to groups. 
3.     Allocation was concealed. 
4.     Groups were similar at baseline regarding most important prognostic indicators. 
5.     Blinding of all participants. 
6.     Blinding of coaches who administered the intervention. 
7.     Blinding of all assessors who measured at least one key therapy. 
8.     Measures of at least one key outcome obtained from more than 85% of the participants. 
9.     All subjects for whom outcome measures were available received the treatment or control condition 
as allocated. 
10.   Results of between-group statistical comparisons are reported for at least one key outcome. 
11.   Study provides both point measures of variability for at least one key outcome. 
1, met criteria; -, criteria not met.  
 242 
3.4. Meta-analysis findings 243 
 244 
The LOR, 95% CI and WMD% of hamstring injury following the 245 
implementation prevention protocol are presented in table 2. The overall 246 
pooled estimate from the main effects analysis was -0.61 (95% CI -1.05 to - 247 
0.17). The test for overall effect favored the intervention treatments (Z = -2.70, 248 
p = 0.007). Heterogeneity was found between all studies (τ2 = 0.382 (standard 249 
error = 0.262), I2= 67.66%, p = < 0.001). 250 
 251 
The effect of intervention compliance on LOR, 95% CI’s and WMD% are 252 
demonstrated in figure 2, with compliance was split into four sub-groups: 253 
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very high compliance >75.1%, moderate-high compliance 50.1-75%, low- 254 
moderate compliance 25.1 - 50% and very low <25%. A non-significant, but 255 
large difference (p = 0.203, Z = -1.272) was demonstrated between all levels of 256 
compliance. With a meaningful trend of increased intervention effectiveness 257 
can be observed with increased compliance, with both very high- and 258 
moderate-high-compliance interventions being more effective than both low- 259 
moderate- and very low-compliance.  260 
 261 
. 262 
Figure 2. Comparison of intervention compliance rates on hamstring strain injury risk 263 
odds ratios based on grouped study estimates, 95% CI and WMD%. 264 
Figure 3 illustrates the pooled effects between average intervention 265 
sessions per duration of study LOR, 95% CIs and WMD% on the probability 266 
of a HSI following the implementation of an intervention. A non-significant, 267 
but large difference (p = 0.137, Z = -1.488) was demonstrated between all levels 268 
of consistency. If the average weeks per session was greater than 3.01 then, 269 
the overall intervention effectiveness was negative (i.e., increased HSI 270 
occurrence). If there were less than 3 weeks between sessions there was a 271 
positive effect on HSI incidence, with the greatest positive effect on HSI 272 
occurring when sessions are performed every 1-2 weeks. 273 
 274 
 275 




Figure 3 Comparison of average weeks per exposure on hamstring strain injury risk 277 
odds ratios based on grouped study estimates, 95% CI and WMD%. 278 
A significant, very large difference was demonstrated between 279 
intervention modalities (p < 0.001, Z = -4.136). Interventions that prescribed 280 
eccentric hamstring strengthening on its own or as part of a series of exercises 281 
(FIFA 11+) were effective in reducing HSIs, in comparison to bounding 282 
intervention.  283 
3.4. Bias Assessment 284 
The results of the Egger’s test suggest that the mean effect of HSI risk 285 
reduction interventions within the present meta-analysis are subject to 286 
publication bias (p < 0.001) with 93 “filed-away” studies needed to prove null 287 
effects. A funnel plot was used to visually assess symmetry and identify 288 
potential outliers (figure 4). 289 




Figure 4. Funnel plot illustrating the publication bias results of the included studies. 291 
4. Discussion. 292 
Within this systematic review and meta-analyses, we assessed the effect 293 
of compliance, consistency (average weeks between sessions) and 294 
intervention type on the strength and direction of pooled study estimates for 295 
the log odds ratios. Our search yielded 13 studies that met the inclusion 296 
criteria. Data from these sources demonstrated similar preventative effects 297 
towards HSI prevention as data reported by previous systematic reviews 298 
[18,29,32,37]. The results of the present review highlight that for HSI 299 
prevention measures to have a meaningful, positive effect upon HSI 300 
occurrence, a compliance of ≥50.1% should be achieved. Furthermore, with 301 
increased compliance (>75.1%) there is a 139% increase in intervention 302 
effectiveness. This provides novel and useful information surrounding the 303 
level of compliance that should be achieved by practitioners when 304 
implementing such interventions which could aid in understanding the 305 
effectiveness of an intervention. Furthermore, regular performance of the 306 
prevention measure yields greater positive effects in HSI prevention. 307 
Additionally, statistically significant preventative effects were observed for 308 
eccentric training, incorporating the NHE, and the implementation of the 309 
FIFA 11+ [18], whereas no significant preventative effect was observed for a 310 
bounding exercise programme. Using the PEDro assessment criteria, study 311 
quality varied between 5-7, many studies were limited by the ability blind 312 
participants, coaches or assessors, which is understandable in sports where it 313 
is obvious who the is performing the intervention or not especially when it is 314 
delivered within the same organization or club. Several studies were also 315 
limited by not achieving equivalent groups at baseline, with differences 316 
identified in physical performance [44], and between leagues [17,46,48]. 317 
 318 
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Goode et al. [29] performed an intention-to-treat analysis to observe the 319 
effect of intervention compliance on hamstring injuries, it was demonstrated 320 
that following the removal of non-compliers from the analysis there was a 321 
substantial (65%) decrease in the risk of future HSI from eccentric training. A 322 
similar 65% reduction was observed in an observational intervention study 323 
following an eccentric NHE intervention [50]. More recently, Chebbi et al. [51] 324 
demonstrated that player compliance or attendance for NHE training of 325 
greater than 70% had a positive effect on reducing HSI incidence, with lower 326 
levels of compliance resulting in greater HSI rates within elite soccer players. 327 
The prescription of HSI prevention training, however, varied between seasons 328 
(20 – 53 sessions per season) [51], therefore, despite high frequency being an 329 
important factor, 70% attendance varied between seasons (14 vs 37.1 sessions), 330 
so total exposure and consistency of exposure to the stimulus varied greatly 331 
between seasons. Although no detail on the exact prescription was provided 332 
including exercises, volumes, progressions and variations, which could have 333 
influenced the effectiveness of HSI prevention practices [51]. The results of the 334 
present review highlighted that inconsistent (>3 weeks between exposures) 335 
performance of prevention practices had a negative effect on HSI incidence, 336 
with a more positive outcome on HSI rates when practices are performed 337 
more regularly. This finding could be explained by the rapid loss in 338 
architectural and eccentric strength measures that have been identified as risk 339 
factors associated with the occurrence of HSIs, within as little as two weeks of 340 
training cessation [25-28]. This coincides with the effect of compliance, if a 341 
planned risk reducing practice cannot be regularly applied and consistently 342 
followed on a regular basis then the efficacy of that practice cannot be deemed 343 
successful. For HSI risk mitigation practices to be successful, they should 344 
therefore be easy to apply in sport, while also being able to consistently be 345 
followed without the risk of reducing compliance. 346 
Common barriers to non-compliance in strength and conditioning and 347 
physiotherapy practices are commonly reported to include: DOMS [5], pain 348 
during exercise [52-55], confusion regarding correct exercise execution [55], 349 
and poor coach support [55]. Consistent with a previous review [29], DOMS 350 
was reported to be a main reason for non-compliance across several studies 351 
that were included within this review [7,39,41,43]. Gabbe et al. [40] identified 352 
that athletes may believe that DOMS increases their risk of future HSI, which 353 
would likely affect intervention compliance. Furthermore, the high volume of 354 
eccentric hamstring exercise prescribed within the interventions 355 
[4,17,39,41,43,47], could be a contributing factor in resultant DOMS and non- 356 
compliance [29]. More recently low volumes of the NHE have been shown to 357 
result in similar positive training adaptations which may contribute to the 358 
reduction in future HSI occurrence [26]. Furthermore, as the magnitude of the 359 
repeated bout effect is similar between high and low volumes of eccentric 360 
exercise [15]; the potential positive effects of low volume NHE training on HSI 361 
incidence could be hypothesised. Due to the similarity in repeated bout effect 362 
between eccentric exercise volumes, if eccentric volume is decreased there 363 
would be a decrease in muscle damage and thus resultant muscle soreness, 364 
but adaptation would likely still occur [15,56,57]. This indicates that 365 
intervention compliance maybe improved upon by the implementation of low 366 
volume eccentric hamstring exercises, as there would be a reduction in 367 
ensuing DOMS. A prospective cohort study by Seagrave et al. [7] identified a 368 
critical minimum volume of the NHE being 3.5 repetitions per week may 369 
reduce the occurrence of HSIs within professional baseball players when 370 
compared to a control group, however, DOMS was still reported as major 371 
reason for non-compliance. One possible explanation for this non-compliance 372 
could be that the critical volume was the average number of completed 373 
Int. J. Environ. Res. Public Health 2021, 18, x FOR PEER REVIEW 14 of 21 
 
 
repetitions across the season with no standardisation or structured 374 
programming, which may have resulted in several weeks of detraining 375 
followed by a single high-volume week resulting in a high degree of DOMS. 376 
Athlete boredom and motivation were further identified as barriers to 377 
non-compliance to interventions [41]. One possible method of overcoming 378 
this maybe by providing direct supervision by trained professionals, who can 379 
offer encouragement and support [29]. Additionally, the use of novel devices 380 
that can provide real-time augmented feedback to the performance of tasks, 381 
such as the NHE, has the potential to increase athlete exertion (i.e., increased 382 
mean eccentric force [58]). An increase in athlete exertion is then likely to 383 
increase the adaptive response and in turn reduce the risk of HSI [25]. Several 384 
studies provided direct supervision of athletes, this included sports coaches 385 
or physical therapists, who were provided training by the investigators in 386 
how to perform the exercises prior to commencing the intervention, with 387 
teams provided physical therapists where necessary, reporting moderate to 388 
very high levels of compliance (59.4-100.0%) [4,6,39,43,45,46,49]. Although the 389 
quality and reported compliance varied between the studies, the effect of 390 
regular and consistent feedback received from: sports coaches, strength and 391 
conditioning coaches, physical therapists, physicians, or peers, should not be 392 
underestimated in the role for a positive change. Although on-field 393 
supervision of the FIFA 11+ warm up intervention demonstrated only a 394 
minimal effect on performance of the intervention [59,60], there was a 395 
substantial difference in the volume of exercises performed [59,60]. Moreover, 396 
direct supervision could improve exercise quality, thus improving 397 
intervention effectiveness [29]. Additionally, improving athlete and coach 398 
education will aid in both debunking common beliefs (including that 399 
performing eccentric exercises may increase the risk of future HSIs [40]), and 400 
providing a greater understanding of the preventative value of their 401 
implementation [59,60] may assist in improving intervention compliance. 402 
Holm [61] identified that compliance may in fact be a problem of the 403 
practitioner, in this case instructing athletes to perform a practice in a 404 
paternalistic manner, where it might be more effective involve all parties 405 
(coach and athlete) equally in the decision-making process. Therefore, future 406 
research should be directed to the potential of low volume of eccentric 407 
strengthening exercises with an interest in compliance, as well as the potential 408 
of implementing other intervention protocols that may achieve greater athlete 409 
compliance e.g., sprint-based interventions [23]. 410 
Studies were also grouped by the average duration between prevention 411 
practice exposures, which accounted for the identified compliance to get a 412 
true picture of the overall performance. It was highlighted that two studies 413 
had very long average durations (>3.01 weeks) between exposures 414 
Engebretsen et al. [41] and Gabbe et al. [40] implemented extremely high- 415 
volume protocols, Mjolsnes protocol [5] and 12 sets of six [40], respectively. 416 
These higher volume interventions can result in excessive fatigue and DOMS, 417 
with both factors having a negative impact on overall compliance, with 418 
observed compliance rates of 21.1% and 47.0% [40,41]. The consistency of 419 
intervention application can also be questioned, Gabbe and colleagues’ [40] 420 
protocol incorporated five training sessions across a 12-week period, whereby 421 
multiple weeks could pass prior to the subsequent dose with a long 422 
observation period following the final session. This becomes an issue as the 423 
structural and force producing capabilities of the hamstrings can rapidly 424 
return to baseline in as little of two-weeks [25-27], and therefore potentially 425 
lose their preventative adaptations. Additionally, long durations between 426 
exposure to eccentric muscle damage can limit the effectiveness of the 427 
repeated bout effect, which aids in reducing DOMs for subsequent sessions 428 
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[15,62,63]. Studies that were identified as having a moderate training 429 
consistency (1.01 – 3.00 weeks between sessions) demonstrated a positive 430 
effect on HSI incidence [4,43]; however, due to the longer durations between 431 
session there could have been detrimental effects on the architectural and 432 
force producing capabilities of the hamstrings, as detraining has been 433 
observed in as little as two-weeks [25-27]. Although these studies performed 434 
a training phase lasting between 10-13 weeks, which was then followed up 435 
with an observation phase that lasted between 36-42 weeks, the average 436 
duration between sessions was negatively affected as all exposures were 437 
condensed to a single initial training period. There are, however, several 438 
explanations that might explain why these interventions remained highly 439 
effective, despite poor consistency. Firstly, these studies had very high levels 440 
of compliance (91-100%), additionally, they were also performed during 441 
“breaks” within the normal season which may have influenced athlete 442 
motivation and subsequent adaptation. 443 
Unsurprisingly, the intervention types that were most effective at 444 
decreasing the occurrence of future HSI included eccentric exercise and FIFA 445 
11/FIFA11+ warmups. While bounding, provided a minimal decrease in the 446 
risk of future HSI occurrence, as although the observed LORs are less than 447 
zero (-0.14), the 95% CI includes zero. Within a recent review and meta- 448 
analyses, eccentric hamstring training (i.e., NHE), has been found to decrease 449 
the risk of injury by up to 50% [30], although this has been identified as being 450 
potentially misleading [32]. This is potentially as a result of the positive 451 
adaptations that have been shown to occur following their implementation 452 
including increased bicep femoris long head fascicle length and increased 453 
force production across muscle actions, joint angles and movement velocities 454 
[5,26,57,64,65]. No research to date has demonstrated what adaptations may 455 
occur from the implementation of the FIFA 11 and FIFA 11+ that may aid in 456 
hamstring injury prevention. Nevertheless, the warmup interventions still 457 
offer a positive effect on the risk of future HSI occurrence, making it an 458 
effective, practical and time efficient practice in sport. The bounding 459 
intervention, with the inclusion of dynamic lunges and bounding variations 460 
over incremental distances, implemented by van de Hoef et al. [66] may not 461 
have elicited a desired preventative effect as hypothesised, as the magnitude 462 
of hamstring loading may have not been a sufficient stimulus for an adaptive 463 
response to occur, although no measure of strength or muscle architecture 464 
was taken [66]. 465 
The current review is not without methodological limitations. Firstly, 466 
only one author was involved in the study selection process which could have 467 
resulted in individual bias or error within the study selection process, 468 
however similar search strategies that have been reported within previous 469 
systematic reviews as recent as May 2021 were used [18,29,30,32]. Using the 470 
previously reported search strategies, a similar volume of records was 471 
discovered, which eventually resulted in all articles which have been reported 472 
previously being discovered along with more recent literature. Within the 473 
current review, effects were pooled into subgroups by intervention 474 
compliance, consistency and modality, this is without the removal of possible 475 
study outliers identified by funnel plot [41,47], potentially impacting on the 476 
determined effects. However, the removal of study outliers would be 477 
contraindicated as both studies still offer an insight into HSI risk reduction 478 
strategies within sport and the possibility of null effects. Furthermore, the 479 
funnel-shaped plot (figure 4), illustrating the observed effects vs the standard 480 
error can be disrupted by the heterogeneity of the studies, thereby increasing 481 
the likelihood of false-negative and false-positive decisions about publication 482 
bias [67]. Intention-to-treat analysis has been described as the preferred 483 
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method of determining effectiveness of interventions in RCT [29] yet can be 484 
subject to null-bias where substantial non-compliance is reported [29]. 485 
However, as intention-to-treat analysis has been performed previously within 486 
a similar review [29], and the aim of this review was to observe the effect of 487 
total intervention compliance providing a novel scale of very high (>75.1%), 488 
moderate-high (50.1-75%), low-moderate (25.1-50%) and very low (<25%) 489 
compliance on the observed effect, it was deemed unnecessary. The data 490 
extraction from the literature identified within the defined search strategy 491 
was limited due to a lack of detailed reporting of intervention compliance, 492 
hence a unit of average weeks/session was identified despite being limited by 493 
some study designs using short intervention periods with large observation 494 
periods. Future research should look to provide more detailed explanation of 495 
the distribution of training across the study timelines, furthermore, individual 496 
training compliance data could allow more accurate reporting of the 497 
effectiveness of an intervention with regards to compliance. 498 
5. Conclusions 499 
In conclusion the results of the present systematic review and meta- 500 
analysis demonstrate that the effectiveness of interventions is related to 501 
training compliance, with an increase in compliance resulting in greater 502 
effectiveness. Compliance of >50.1% demonstrated a positive effect on the 503 
occurrence of future HSI. Crucially, further increases in compliance (>75.1%), 504 
resulted in an 139% increase in preventative effect, highlighting the need for 505 
practitioners to design and implement interventions whereby a compliance of 506 
>75.1% is achievable. A similar finding was observed for consistency of 507 
training application, with an average of <3 weeks per exposure having 508 
positive beneficial effects on HSI incidence. Therefore, training interventions 509 
that can achieve both high levels of compliance, and can be consistently 510 
performed, should be the main objective of any future practise or 511 
intervention. As per previous systematic reviews and meta-analyses, eccentric 512 
resistance training and the FIFA 11+ are effective at decreasing HSI incidence, 513 
although it has been highlighted that the evidence for the NHE is inconclusive 514 
and can only be conditionally recommended [32]. A bounding intervention 515 
offered limited positive protection to the occurrence of future hamstring 516 
injury. however, only a single intervention has utilised this methodology and 517 
therefore requires further investigation. Future studies should also investigate 518 
other alternative methods that are currently being employed in practice but 519 
currently do not have supporting research, such as sprinting and isometric 520 
static and dynamic exercises, which may lead to similar positive adaptations 521 
to the modifiable risk factors, while promoting athlete buy-in by reducing 522 
potential DOMS and increasing competition, in order to achieve desirable 523 
levels of compliance (>75.1%). With regards to eccentric resistance exercise 524 
(e.g., NHE), volume prescriptions in research and practice (including the 525 
FIFA11 and 11+) continually appear to be higher than what might be tolerable 526 
for the majority of athletes. Hence it is recommended that prescriptions 527 
should be of low volumes (1-2 sets × 2-4 repetitions, 1-2 per week, with a 528 
progressive intensity (i.e., the addition of load) [26,28,68]), which are sufficient 529 
enough to have a positive effect on hamstring architecture, strength and HSI 530 
incidence, while engaging the repeated bout effect to minimise reoccurrence 531 
of DOMS in subsequent exposures [15], without being initially overly 532 
demanding or damaging (i.e., minimal DOMS) which could offset the lower 533 
observed compliance in some of these investigations.  534 
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